A foreign body reaction developing a fibrocellular capsule composed of (myo)fibroblast, macrophages, neutrophils, and foreign body giant cells is a result of an inflammatory response upon implantation of a biomaterial device[@b1]. Various studies in the field of biomedical engineering aim to reduce this cascade of host reaction, which is generally accepted as improvement of the implant biocompatibility[@b2][@b3]. Despite the need to reduce the host reaction to avoid extensive chronic inflammation and scar tissue, modulating the host response by designing materials with instructive properties could be advantageous for tissue regeneration strategies[@b4][@b5]. At present, researchers have introduced the concept of *in situ* tissue regeneration where the host response is used as an indirect way to attract specific host cells for tissue repair[@b6]. Similarly, *in situ* bioreactor strategies make use of the host environment and surrounding tissue to provide cells for tissue regeneration[@b7]. Surface properties of biocompatible materials are a critical factor in modulating the host response[@b1][@b8]. Initial cell and material interactions can be tailored by the chemical composition, hydrophilicity, surface roughness and topography of the implanted biomaterial[@b9]. Previous research have reported surface solvent etching to increase cell attachment on biomaterials[@b10]. Gas plasma techniques have also been extensively studied for their effect on biomaterial surfaces and cell attachment[@b11]. Although numerous studies aim at surface modification of implants to reduce the host response[@b2][@b12], tuning biomaterials surface properties to promote a suitable host response could be an appealing strategy to improve *in situ* tissue regeneration through an *in vivo* bioreactor approach. Furthermore, though various *in vitro* foreign body response (FBR) models have been proposed to study cell-cell signaling, correlation between cell activity followed by secretion of extracellular matrix (ECM) components with material properties is lacking[@b13][@b14][@b15]. Here, we propose a new strategy to modulate the host response for tissue regeneration applications. We present an *in vitro* co-culture model where tailoring surface properties results in deciphering the effect of surface wettability, topography, roughness and chemistry on cellular behavior with respect to cell adhesion and strength, proliferation, cytokine secretion, and expression of two main soft tissue extracellular matrix component, namely collagen and elastin.

Results
=======

Scaffold fabrication from different polymeric composition
---------------------------------------------------------

To facilitate our study of host response on biomaterials, we used a polymeric rod model, which was previously shown to be promising for vascular applications[@b16]. Polycaprolactone (PCL) and two co-polymer types of poly(ethylene oxide terephthalate)/poly(butylene terephtalate) (PEOT/PBT) - 300PEOT45PBT45 (PA300) and 1000PEOT70PBT30 (PA1000) - were used to fabricate these polymeric rods, due to their satisfactory *in vitro* and *in vivo* biocompatibility, and easy tunable mechanical and physical properties by varying the PEOT/PBT ratio and the length of the PEO segments[@b17][@b18][@b19]. Ultra smooth fibers of 1.75 ± 0.05 mm diameter were extruded and characterized by scanning electron microscopy (SEM) and atomic force microscopy (AFM) ([Fig. 1a](#f1){ref-type="fig"}; [Supplementary Fig. S1,2](#s1){ref-type="supplementary-material"}). The surface roughness (Rq) of the fibers was as low as 5.2 ± 1.2 nm for PA300 and PA1000, and 8.3 ± 4 nm for PCL.

Surface modification of unmodified scaffolds
--------------------------------------------

Smooth fibers were then treated with gas plasma or solvent etching to create different surface properties. Different gas plasma treatments were tested: argon (Ar) as an inert gas, oxygen (O~2~) as an active gas, and trifluoromethane (CHF~3~) providing hydrophobic surfaces in contrast to the more hydrophilic argon and oxygen treatment[@b20][@b21][@b22]. Solvent etching was done with inorganic sodium hydroxide (NaOH) allowing alkaline hydrolysis and two organic compounds, chloroform (CHCl~3~) and dichloromethane (CH~2~Cl~2~), providing physical etching[@b10][@b23]. AFM and SEM ([Fig. 1c](#f1){ref-type="fig"}; [Supplementary Fig. S1,2](#s1){ref-type="supplementary-material"}) analysis showed different topographical changes from the polymer types after treatment, and clear differences in surface structure at different exposure time, concentration, gas, and chemical used. By controlling the surface treatment parameters, we were able to vary surface roughness from 5.2 ± 1.2 nm for unmodified rods to 225 ± 25.1 nm as seen in CHCl~3~ treated rods. By qualitatively comparing different polymer types after Ar treatment, we examined island-like structure on PA300, chain-like structure on PA1000 and random topography on PCL. O~2~ treated rods produced peaks on island-like structure on PA300, and similar peak chain-like structure on PA1000, while CHF~3~ resulted in grooves. Alkaline hydrolysis of NaOH induced topographical changes on PA1000 and PCL, but not on PA300. CHCl~3~ and CH~2~Cl~2~ on the other hand provided small porous structures of 0.5--2.5 μm in diameter, surrounded by large porous structure up to 20 μm.

Mono-culture studies for cell attachment and proliferation
----------------------------------------------------------

As fibroblasts and macrophages are among the key cells activated during the initial phases of the host response, we examined 17 different surface modifications in three polymer types, resulting in 54 experimental conditions, by culturing fibroblasts and macrophages separately to examine cell adhesion and proliferation ([Fig. 1b,d,e](#f1){ref-type="fig"}; [Supplementary Fig. S3--5](#s1){ref-type="supplementary-material"}). Results showed an increase in cell adhesion in all surface modified structures, with PA300 showing the most significant increase in comparison to the other polymer types. The best parameters of Ar, O~2~, CHF~3~, NaOH and CHCl~3~ providing high cell adhesion and proliferation were chosen and compared to unmodified (X) to correlate surface properties to cell response.

Material characterization of surface hydrophillicity, roughness, chemistry and protein absorption
-------------------------------------------------------------------------------------------------

We further characterized the pre-selected rods to determine the surface roughness for cell and protein attachment, and contact angle measurement to determine wettability of the surface after treatment ([Fig. 2a,b](#f2){ref-type="fig"}). Compared to unmodified rods, gas plasma treatments resulted in a 3-fold increase in surface roughness. Exposure time was modulated to maintain the surface roughness increase independent from the gas source used. CHCl~3~ resulted in a 35-fold increase while NaOH lead to no increase in surface roughness. Hydrophillic surfaces (40°--70°) were created by Ar, O~2~ and NaOH, while hydrophobic surfaces (80°--110°) by X, CHF~3~ and CHCl~3~. X-ray Photon Spectroscopy ([Fig. 2c](#f2){ref-type="fig"}) showed doubling of oxygen content with Ar, O~2~, NaOH, and CHCl~3~ treatments. In contrast, CHF~3~ treatment removed significant amounts of oxygen and carbon, and introduced C-F bonds instead. This justifies the high contact angle seen in CHF3 treated rods and the decrease in contact angle of Ar and O~2~ treated rods despite having similar surface roughness as CHF~3~. Protein absorption ability ([Fig. 2d](#f2){ref-type="fig"}) of the different surfaces reflected the results on the available surface area ([Supplementary Fig. S6](#s1){ref-type="supplementary-material"}) and wettability. Remnants of sodium (Na1s) and chloride (Cl2p) can be neglected due to their low amount.

Effect of cell adhesion on surface modified materials with conditioned medium
-----------------------------------------------------------------------------

To further dissect the relation between macrophages and fibroblasts during fiber capsule formation, *in vitro* studies using a conditioned medium model were performed, where 50% of rat dermal fibroblasts (RDFs) and macrophage culture media were mixed and studied at day 1, 4 and 7 ([Fig. 3a](#f3){ref-type="fig"}). As similarly seen in mono-culture studies, RDFs attachment and proliferation significantly increased upon different surface treatments, with CHCl~3~ treatment having the best cell adhesion and proliferation in comparison to all the other treatments ([Fig. 3b](#f3){ref-type="fig"}). Macrophage attachment and proliferation did not significantly increase, apart for CHCl~3~ treated rods. In general, conditioned medium provided higher proliferation in comparison to refresh medium in both cultures. Cell distribution ([Fig. 3c,d](#f3){ref-type="fig"}) reflected cell proliferation results, with more cell homogeneous attachment in treated rods. Hydrophillic Ar and O~2~ treated rods created a homologous tissue layer around the rods. In comparison, CHF~3~ and NaOH etched rods created a less homogeneous cell distribution.

Surface characteristics versus soluble factors secretion
--------------------------------------------------------

To steer the host response towards functional tissue regeneration during fiber capsule formation through the design of biomaterial surfaces, it is important to identify what kind of cytokines and growth factor are secreted and how they interact with each other. Here, we tested TGF-β1 and IL-10 for M2 wound healing phenotype, and IL-1β and IL-6 for M1 inflammation type[@b32]. Active TGF-β1 was measured both in RDFs and macrophage cultures ([Fig. 4a](#f4){ref-type="fig"}). At day 1, Ar and O~2~ treated rods, with 3-fold higher surface roughness, 2-fold higher oxygen content and 20°--30° lower contact angle compared to unmodified rods, provided a 2-fold upregulation of TGF-β1. The difference in hydrophillicity of Ar and O~2~ of 10° seemed to have no effect on the upregulation of TGF-β1. CHF~3~ treated rods, with similar roughness of Ar and O~2~, but 20-fold lower oxygen content and 40°--50° higher contact angle, resulted in a decrease of TGF-β1 compared to unmodified rods. Importance in surface chemistry was further corroborated by NaOH etched rods, with 1.5-fold increase in oxygen content and 50° lower contact angle, resulted in an increase of TGF-β1 compared to unmodified rods. A further increase in surface roughness to 35 folds as seen in CHCl~3~ treated rods, and about 2-fold increase in oxygen content, provided about 2-fold upregulation of TGF-β1 compared to unmodified rods. In macrophage cultures, significant increase in TGF-β1 production was measured in CHF~3~ and CHCl~3~ treated rods, no significant upregulation in Ar and O~2~, and downregulation in NaOH treated rods compared to unmodified ones. An upregulation trend of TGF-β1 in RDFs ([Supplementary Fig. S7](#s1){ref-type="supplementary-material"}) at day 4 was seen after addition of conditioned medium from macrophages. This was slightly the opposite for macrophage culture, where after exposure to RDF\'s conditioned medium, TGF-β1 expression was reduced. For RDFs at day 7, TGF-β1 decreased for all treatments except for CHCl~3~. IL-10 ([Fig. 4b](#f4){ref-type="fig"}) was expressed more in hydrophillic surfaces (Ar, O~2~ and NaOH treated rods). In our studies, we also observed downregulation of IL-1β and IL-6 in hydrophilic surfaces and upregulation of these cytokines in hydrophobic surfaces (CHF~3~ and CHCl~3~). For all treated rods, upregulation of IL-10 was seen at day 4 after exposure to RDF\'s conditioned medium incubated for 24 hours. After further exposure, IL-10 expression decreased at day 7, with exception of CHCl~3~ treated rods, similar to TGF-β1 expression. Inflammatory cytokines IL-1β and IL-6 expression displayed opposite trends than IL-10, as they were upregulated in hydrophobic surfaces (X, CHF~3~ and CHCl~3~) and downregulated in hydrophilic surfaces. Downregulation of both inflammatory cytokines IL-1β and IL-6 was seen at day 4 and day 7 with conditioned medium culture being more downregulated. By evaluating total amount of soluble factors produced ([Supplementary Fig. S8](#s1){ref-type="supplementary-material"}), CHCl~3~ treated rods produced the highest amount of TGF-β1, IL-1β, IL-6 and IL-10, creating a more significant and dynamic effect on tissue capsule formation.

Immunostaining of material\'s surface to macrophage topography link
-------------------------------------------------------------------

From a morphological perspective, variations in surface wettability, chemistry, and topography also influenced cell shape. An unmodified surface of PA300 ([Fig. 4c](#f4){ref-type="fig"}) induced extension of macrophage filopodia. Further cytoplasmic extensions, which are used for locomotion as the macrophages seek out to engulf foreign particle, were seen in nanoscale modification of Ar, O~2~, and CHF~3~. Microscale topography change in CHCl~3~ drove more filopodia compared to unmodified rods, though not to the extent of nanoscale modifications. Further activation was seen both in microscale and nanoscale topography, as shown by the vacuoles presented on the surface of the macrophage. Smooth hydrophillic surface (NaOH treatment) provided less branching, but more spreading. Similar morphology was seen in phalloidin and dapi staining, with additional information on the fusion of the macrophages to form giant cells ([Supplementary Fig. S9](#s1){ref-type="supplementary-material"}). All treatment showed similar fusion.

Immunostaining of material\'s surface to fibroblast topography link
-------------------------------------------------------------------

We analyzed fibroblast morphology on the different surface treated biomaterials ([Fig. 5a,b](#f5){ref-type="fig"}; [Supplementary Fig. S10,11](#s1){ref-type="supplementary-material"}). Homogenous spread morphology was observed on surfaces with high oxygen content and increased surface roughness, as seen in both Ar and O~2~ sheets. Two types of population of cells were found in X, CHF~3~, NaOH and CHCl~3~. In X, NaOH, and CHF~3~, the first population displayed smaller and less spread cells, with little or no vinculin staining showing focal adhesion sites. The second population showed polygonal morphology, with more define vinculin sites connected to the enhance actin stress fibers. For CHCl~3~, despite having some smaller cells, both cell populations provided a spread morphology, yet with different vinculin expression (8.7 ± 0.7 μm^2^, 16.7 ± 1.52 μm^2^). Smaller condensed strokes of vinculin localization were found on large porous structure, whereas vinculin expression on smaller pores produced more elongated sites. Quantification of vinculin on cell population expressing vinculin dots ([Supplementary Fig. S10](#s1){ref-type="supplementary-material"}) provided values of average area, perimeter, circularity, length, width and the aspect ratio of the vinculin sites to deduce cell adhesion strength. When comparing X and CHCl~3~ for average area, length, aspect ratio and circularity, smoother surfaces provided a larger average area, length and aspect ratio of vinculin sites, while rougher surfaces provided higher circularity. From a comparison between different surface plasma treatments having the same roughness, but different surface wettability, it could be also concluded that the increase in focal adhesion area is proportional to the substrate contact angle. In case of width, CHF~3~ provided the widest value compared to all the other treatments. Moreover, O~2~ showed to have the longest length and aspect ratio. The total amount of vinculin staining was then normalized by the number of cells of both populations ([Figure 5c](#f5){ref-type="fig"}). Vinculin area per cell displayed a significantly higher difference between X and CHCl~3~. In measuring the amount of vinculin dots per cell, however, CHCl~3~ supported a significantly higher amount than X and NaOH with similar surface chemistry (oxygen content), showing a distinct effect of surface roughness ([Supplementary Fig. S10](#s1){ref-type="supplementary-material"}).

Extracellular matrix composition analysis for the ideal tissue capsule
----------------------------------------------------------------------

Collagen and elastin production ([Fig. 5d,e](#f5){ref-type="fig"}; [Supplementary Fig. S11](#s1){ref-type="supplementary-material"}) are crucial factors to create functional connective tissues, such as dermis, cartilage and vessels. Our chosen surface modification techniques have statistically significantly triggered an increase in both total collagen and elastin production in day 4 and day 7 cultures of RDFs. In comparison to standard culture medium, conditioned medium created a statistically significant increase of total elastin at day 7 and per cell at day 4, and both total and per cell collagen production at day 4 and 7. The importance of surface chemistry was further seen when comparing O~2~ and CHF~3~ treatments in refresh medium cultures, where collagen and elastin secretion was higher in oxygen content despite similar surface roughness. CHCl~3~ treatment provided the highest increase of total collagen and collagen/cell secretion, as well as total elastin secretion compared to all the other treatment types and unmodified rods.

Discussion
==========

Here, we have fabricated rods of different surface properties to unravel specific parameters on modulating host response. Different polymer composition could affect the degree of surface modification as shown in AFM & SEM analysis. Higher amount of crystalline PBT in PA300, which is hydrolysis resistant, provided no change to topography upon NaOH treatment in contrast to polymer with low PBT. Surface properties, namely chemistry, topography and wettability, are interdependent parameters. Chemical -CF~2~- groups are larger compared to -CH~2~- groups, allowing fewer groups to be packed into a given area. This justifies the high contact angle seen in CHF~3~ treated rods and the decrease in contact angle of Ar and O~2~ treated rods despite having similar surface roughness as CHF~3~. Similarly, NaOH treated rods with high oxygen content and similar surface roughness to unmodified rods, had lower contact angle. We could extrapolate that a similar wettability was seen for CHCl~3~ treated rods in comparison to unmodified rods despite its high oxygen content, possibly due to the high surface roughness and the interaction of water molecules with its porous structure at the interface[@b24][@b25]. By taking advantages of these many parameters and their effects, we can envision to create tailored surface properties suitable for a specific tissue engineered application.

Combination of physico-chemical properties are crucial for proper tissue regeneration. Rougher, hydrophilic surfaces with high oxygen content observed in Ar and O~2~, displayed homogenous spreading of cells with enhanced stress fibers and focal adhesion sites. In X, CHF~3~ and NaOH rods, cells have a tendency to migrate and prefer to attach to each other than to the surface of the biomaterial. As similarly shown by de Rocha-Azevedo et. al.[@b26], this could be due to the lack of carbon and oxygen content but high content of fluoride in CHF~3~ treated rods, or lack of surface roughness in X and NaOH etched rods. This then could explain the lack of stress fibers and vinculin expression on the first population of cells. As cells start to migrate to one another, paracrine signaling from other cells are transmitted to provide additional signal transduction. Paracrine factors can either bind to their respective cellular receptor directly initiating the associated specific pathways, such as TGF-β1 signaling pathway, or through intracellular Calcium level resulting in integrin activation through talin. Talin presence is required for vinculin recruitment which then starts actin polymerization, resulting in actin stress fibers on the second cell population[@b27]. High surface roughness and correspondent surface area availability provided after CHCl~3~ treatment allowed more cells to attach and proliferate, as well as total vinculin expression per cell, suggesting a stronger attachment of cells on CHCl~3~ treated surfaces. Micro-scale topography changes, creating homogenous pores on the surface, are also a crucial factor[@b28]. Vinculin staining displayed different expression of focal adhesion sites on small and large pores of CHCl~3~, suggesting different cell behavior. Lee et al.[@b29] showed that fibroblasts cultured on polycarbonate membranes with different micropore sizes (0.2 and 8.0 μm), displayed a decreased cell adhesion and proliferation with increasing pore size. Furthermore, an increase in pore size improved cell differentiation as resulting from a higher osteocalcin expression and ALP specific activity. Hence, extrapolating these findings to our study one could suggest that a combination of different pore size with appropriate surface chemistry may contribute to the combination of optimal cell adhesion and proliferation from the small pores interaction and secretion of beneficial proteins from the large pores of CHCl~3~ cell-material interaction. Furthermore, the high oxygen content microporous structure of CHCl~3~ allowed cells to cover the surface of the rod and provided a potential buildup of layers of cells through support of cell accumulation in its large micropores. Moreover, as CHCl~3~ treated rod absorbed the highest amount of proteins, a higher trigger of signal transduction compared to all other treatments could be suggested as seen in Yang et. al[@b27]. Strong interconnectivity between different surface parameters, may provide some challenges in decoupling their effect on bioactivity. However, by sensitively tuning different parameter separately we could come closer to unraveling the link.

During host reaction upon biomaterial implantation, the healing response is triggered by the action of macrophages and is identified by the proliferation of fibroblasts, synthesis of collagen and proteoglycans, and angiogenesis[@b1]. To mimic such a host response, we use an *in vitro* co-culture conditioned medium model using macrophages and fibroblast. Macrophage polarization represents a continuum where it provides a balance between the pro- and anti-inflammatory responses by alternating from classically (M1) or alternatively (M2) activated macrophages[@b30][@b31]. Critical to the actions of these divergent or polarized macrophage clusters, is the regulated release of inflammatory mediators. M1 phenotype macrophages display a more pro-inflammatory response driven by interleukins (IL) such as IL-1β and IL-6, while the alternate M2 phenotype suppress immune and anti-inflammatory processes in favor of extracellular matrix formation, angiogenesis, and tissue repair driven by IL-10 and TGF-β1[@b30][@b32]. The balance between the different mediators during an implantation will determine the outcome of the host response and viability of the functional tissue capsule. Additional cytokines and growth factors produced by the opposed cell culture would provide reason why cultures with conditioned medium have a higher proliferation in comparison to refresh medium in both cell types. Increase in downregulation of both inflammatory cytokines IL-1β and IL-6 at later stage of host response, were observed in conditioned medium culture. This implies a reduced inflammatory response and balancing of M1 and M2 phenotype cytokine secretion, settling a step to determine the outcome of expected tissue capsule formation. Latent TGF-β1 is normally activated to influence wound healing from the initial cell-material interaction to the final phase of matrix deposition and remodeling[@b33]. Through our observation of TGF-β1 regulation from modulating surface parameters separately, one could suggest that oxygen content is a more dominant factor for TGF-β1 regulation than surface roughness and wettability for fibroblasts. Other properties such as the high fluoride content present in CHF~3~ treated rods could be one of the factors behind the observed increase in TGF-β1 expression compared to Ar and O~2~ treatments, while the increase of wettability in NaOH treated rods could be responsible for the observed TGF-β1 downregulation, comparable to other studies[@b34][@b35][@b36]. CHCl~3~ creation of a porous structures could also induce activation of TGF-β1 upregulation from its topography[@b37][@b38][@b39] and Barth et al., showed macrophages cultured on rougher surfaces tend to resemble the activity of an M2-like phenotype[@b38]. We hypothesize the above environmental stress of hydrophobicity, high fluoride content and surface roughness on the macrophage cell surface may lead to activation of TGF-β1[@b40][@b41]. In conditioned medium, upregulation in RDFs could be caused by interaction of different pro-inflammatory cytokines produced by the activated macrophage such as IL-1β and TNF-α; while possible anti-inflammatory cytokines secreted by RDFs, such as IL-10, induced a downregulation of TGF-β1 in macrophages[@b42][@b43]. Our results are in line with previous observations where hydrophilic surfaces resulted in downregulation of TNF-α, IL-1β and IL-6 and upregulation of IL-10[@b44]. Hydrophobic surfaces was found to upregulate IL-1β and IL-6. This may correlates with the hypothesis of Seong et al., that hydrophobic surfaces provide a hostile surface for initial protein attachment similar to damage associated molecular pattern that initiates innate immune responses[@b45][@b46][@b47]. From these data showing different cytokine production correlated to surface wettability, chemistry, and roughness with and without conditioned medium of different cell types, it is crucial to further study the cross-talk between fibroblasts and macrophages with different co-culture models in an effort to unravel their complex interaction in the foreign body response *in vivo*.

Cell morphology is regulated by the internal organization of the cytoskeletal networks by initial cell-material and cell-cell interaction and structural features are known to influence signal transduction and the integration of intracellular signaling[@b48]. Immunostaining of macrophage cytoskeleton provided some evidence of fusion. Further analysis to quantify the ratio of the different stages of fusion of the different treatments and how this correlates with the different mediators secreted would be beneficial. However, a different type of co-culture model should be used to allow direct cell-to-cell contact to analyze fusion and formation of foreign body giant cells.

Collagen is the main ECM protein that is essential for the mechanical characteristics of (tissue engineered) blood vessels[@b49]. For vascular grafts, elastin is an important structural and regulatory matrix protein and plays a dominant role by conferring elasticity to the vessel wall[@b50]. Fibroblast are capable of synthesizing tropoelastin monomer, which is cross-linked and structured into elastin forming concentric rings of elastic lamellae around the medial layer of vessels[@b51]. Therefore, enhancing fibroblast elastin production could be a crucial link of successfully creating tissue engineering blood vessel[@b52]. Yet, no studies have found and targeted elastin synthesis in a fibrocellular capsule. The trigger for elastin synthesis, however, is not completely understood, but includes exposure to mechanical stress and presence of growth factor such as TGF-β1[@b53]. In this study, techniques to modified the surface of biomaterials have statistically significantly triggered an increase in both total collagen and elastin production, conceivably due to the observed enhanced production of cytokines, such as TGF-β1 as a key enhancer of collagen production and providing support for elastin secretion[@b50][@b54][@b55]. Conditioned medium created a statistically significant increase of both elastin and collagen production in comparison to standard culture medium. This could be correlated to the additional soluble factors such as TGF-β1 and IL-10 produced by macrophages in conditioned medium. Additionally, cytokines analysis shows correlation with collagen and elastin expression. IL-10, which was upregulated in hydrophilic surfaces is a major mediator of matrix remodeling and correlates with total amount of collagen and elastin expressed. In our study, upregulation of IL-1β associate with the downregulation of collagen and elastin production, comparable to previous studies[@b56][@b57]. On contrast, a few studies show that IL-6 could provide upregulation of collagen and elastin secretion[@b58][@b59]. It is the combination of these factors, among others, that signals a cell to produce more or less collagen and elastin. This balance of cytokines produced through surface topography and chemistry in CHCl~3~ treatment provided the best condition collagen and elastin secretion compared to all the other treatment types and unmodified rods. We hypothesize, that collagen and elastin expression is correlated to surface roughness, wettability, and oxygen content. Additionally, the increase in secreted matrix elements like collagen and elastin could be due to either protein secretions at the cellular level or gene expression at the molecular level. Hence, studies to examine other mediators of collagen and elastin synthesis would be beneficial to further understand their involvement at cellular and genetic levels.

In summary and as seen in [Fig. 6](#f6){ref-type="fig"}, we have shown different surface treatments resulted in a modulation of surface properties and furthermore, modulating its effect on cell behaviour of the main players in a host reaction through *in vitro* co-culture. All treatments provided an increase in cell attachment and proliferation, with the micro-porous structure of CHCl~3~ providing the best cell adhesion and proliferation due to its the high surface roughness and high oxygen content. Furthermore, combination of different pore size, contributed to different cell adhesion strength, allowing the two cell population in CHCl~3~ to mediate proliferation and secretion of essential proteins. Mediators of pro and anti-inflammatory response were regulated via surface roughness and resulting topography, wettability and chemistry at different levels. TGF-β1 regulation in RDFs was upregulated through oxygen content, while activation of TGF-β1 in macrophage was triggered from environmental stress of hydrophobicity, high fluoride content and surface roughness. Hydrophillic surfaces upregulated IL-10 expression, but downregulated IL-1β and IL-6, in contrast to hydrophobic surfaces that upregulated IL-1β and IL-6 expression. Most importantly, CHCl~3~ treated [rods]{.ul} provided the highest amount of TGF-β1, IL-1β, IL-6 and IL-10, with the ideal balance to deliver enhanced collagen and elastin secretion, which determines the fate of the tissue regeneration and functionality, and could possibly be the missing link to create successful soft tissue-engineered replacements.

Methods
=======

Fabrication of polymeric scaffold: rods and sheets
--------------------------------------------------

PA300 and PA1000 (PolyVation B.V.) copolymers rods were manufactured with a Bioplotter device (Envisiontec GmbH), an XYZ plotter device as previously described by Moroni et. al[@b60]. Briefly, polymer granules were loaded to a stainless steel syringe and heated at 180°C. At 4--5 bars, the bioploter computer aided manufacturing software (CAM, PrimCAM) was used to plot the extrusion to achieve cylindrical fibers of 1.75 mm. PCL (Purasorb PC 12, Purac Biomaterials, The Netherlands) rods were fabricated via an Axon Mini extruder (BX-12, Axon AB Plastmaskiner), using a spinning pump (Mahr GmbH) at 12.2 rpm (0.6 cc/rev), 170°C and a pressure of 25 bar. 2D polymer substrates of PA300 were prepared for immunostaining studies. 2D PA300 disc of 500 μm thickness were made by a hot-embossed compression molding technique. Granules of PA300 were distributed inside circular punched molds of stainless steel and was placed between two silicon wafers functionalized with 1H,1H,2H,2H-perfluorodecyltrichorosilane (FDTS, Sigma-Aldrich). The wafer-mold-wafer stack was placed in the aperture of the temperature hydraulic press (Fortune Holland) at 180°C and 10 bar. After 5 minutes the system was cooled to 60°C and the pressure was released. The mold and wafer were manually separated to provide smooth PA300 discs.

Surface treatments -- gas plasma & chemical etching
---------------------------------------------------

Ar plasma treatment was done with a Harrick Plasma Cleaner (PDC-002;. Harrick Plasma Ithaca) at 100 mTorr and High settings (740 V DC, 40 mA DC, 29.6 W) for 30, 45, and 60 minutes, respectively. O~2~ and CHF~3~ treatments were performed with a reactive ion etch system (Etch RIE Tetske, Nanolab, University Twente) at 100 mTorr and 30 W for 5, 10, and 15 minutes. NaOH etching was performed at 1 M and 4 M for 5, 10, and 15 minutes. Fibers etched with CHCl~3~and CH~2~Cl~3~ were exposed for 1, 5 and 10 seconds. After inorganic and organic etching, fibers were rinsed once with MilliQ water and further sonicated two times for 15 minutes each.

Atomic force microscopy (AFM) - surface roughness and 3D images
---------------------------------------------------------------

Surface roughness analysis was performed through AFM using Tapping Mode (PicoScan Controller 2500, Molecular Imaging, USA) with a super sharp TESP cantilever: 42 N/m, 320 kHz, 2--5 nm ROC, No Coatings (Bruker AFM Probes.). The roughness measurements (Ra, Rq, and Rmax) were determined using the Scanning Probe Image Processor, SPIPTM, version 4.2.2.0 software. Roughness measurements were performed by 1, 25 and 100 μm^2^ surface area. High quality images in three dimensions (3D) of the polymer\'s surface were recorded and repeated three times at randomly different surface locations to verify the reproducibility of the observed characteristics.

Contact angle and x-ray photon spectroscopy
-------------------------------------------

Wettability measurements were done by static water contact angle measurements using the captive bubble method (OCA 15, DataPhysics Instruments GmbH). Water contact angle (\~1 μL) was calculated using SCA20 software (DataPhysics Instruments GmbH). Subsequently, the rods were transferred to the XPS chamber. The XPS chamber (Omicron Nanotechnology GmbH) had a base pressure below 1 × 10^−10^ mbar. The measurements were done using a monochromatic Al Kα (XM 1000) X-ray source and an EA 125 electron energy analyzer. All spectra were acquired in the Constant Analyzer Energy (CAE) mode. XPS spectral lines are identified by the shell from which the electron was ejected (1s, 2s, 2p, etc.).

Cell culture and expansion
--------------------------

Neonatal rat dermal fibroblasts (RDF, R106-05n, Tebu-bio Cell Application, Inc.) were cultured with basic culture medium comprising α-MEM (Gibco), fetal bovine serum (10%, Lonza), L-glutamine (2 mM, Gibco) and penicillin (100 U/ml) and streptomycin (100 mg/ml, Gibco). RDFs were expanded at initial seeding density of 3000 cells/cm^2^ in basic culture medium and refreshed every 2--3 days. Cells were harvested at 80--90% confluency before trypsinzation for cell seeding. A rat alveolar macrophage cell line NR8383 (ATCC) and maintained in basic culture medium with at 200,000 cells/ml. Subculturing was done by transfer of medium to another flask, and collection of cells by scraping with a Corning® cell scrapers (Sigma-Aldrich). All cell experiments were performed in a 5% CO~2~ humid atmosphere at 37°C.

Mono-culture cell seeding of fibroblasts and macrophages
--------------------------------------------------------

Modified and unmodified fibers (n = 3) were cut into 1 cm rods per sample and sterilized with 70% ethanol. Rods were pre-incubated for 4 hours in basic culture medium. Agarose molds (3% wt/v) were placed below the rods to prevent cell attachment to 48 well-plates and for optimum static cell seeding. A cell seeding density of 50,000 RDFs and 100,000 macrophages was seeded in a 500 μl volume. Samples were rinsed with phosphate buffered saline (PBS, Invitrogen Life Technologies) and collected at day 1 and day 3 for DNA assay, and imaging with methylene blue (MB) and scanning electron microscopy (SEM).

Conditioned medium co-culture study
-----------------------------------

Similar to monoculture study, fibers of 1 cm rods were sterilized with 70% ethanol, placed on top of agarose molds and pre-incubated for 4 hours in basic culture medium. A cell seeding density of 50,000 RDFs and 100,000 macrophages was seeded in a 250 μl volume. 24 hours after cell seeding, 50% of RDF and macrophage culture media were mixed and studied at day 1, 4 and 7, for DNA, ELISA, collagen and elastin assay, MB, immunostaining and SEM.

Cell proliferation assay
------------------------

Total DNA was measured with the CyQuant Cell Proliferation Assay kit (Molecular Probes) to access cell adhesion and proliferation. Briefly, samples (n = 3) were washed gently with PBS and collected into a 500 μl eppendorf tube and frozen at −80°C. After freeze-thawing for three times, lysis buffer (250 μl, 1:20 Lysis buffer 20×) was added to the samples at room temperature (RT) for 1 hour, and an additional 1 hour with lysis buffer RNase. Subsequently, cell lysate and CyQuant GR dye (1×) were mixed 1:1 in a white 96-well plate and incubated in the dark for 15 minutes. Fluorescence was measured at an excitation and emission wavelengths of 480 and 520 nm, respectively, using a spectrophotometer (The VICTOR[@b3] Multilabel Plate Reader Perkin Elmer Corporation).

Methylene blue staining, immunostaining and scanning electron microscopy
------------------------------------------------------------------------

Chemicals were supplied by Sigma Aldrich, if not stated otherwise. Samples (n = 5) were washed with PBS and fixed with 4% paraformaldehyde for 30 minutes at RT. After rinsing with PBS, samples (n = 2) were incubated for 1--2 minutes in 1% Methylene blue solution Samples were examined in a Olympus SZ-III-Stereo Microscopes to see cell distribution on sample. Afterwards, samples underwent dehydration steps of 70--80--90--100%, 30 minutes per step. After dehydration, samples were critical point dried (CPD 030 Critical Point Dryer, Leica) and then gold sputtered at 40 mA and 100 mTorr for 30 seconds. The morphology of the cells was studied using a Philips XL30 ESEM-FEG SEM at 10 kV and a working distance of 10 mm.

Other fixated samples (n = 3), were permeabilized and block with TBP buffer (0.1% Triton X-100, 0.5% bovine serum albumin in PBS) overnight in 4°C. Cells were stained with Vinculin-FITC (1:400), Phalloidin-Texas Red (Molecular Probes, 1:100) and Dapi (1:100) with three times washing steps in between. Three images were taken for each sample, for a total of nine images by a fluorescence microscope (Nikon Eclipse E600) at magnification of 20× and 40×. Image analysis of vinculin was done by ImageJ to measure average area (A), perimeter (P), length, width, aspect ratio, circularity, density and sites per cell.

Average area is average area of vinculin sites of the cells attached, excluding the cells without vinculin expression. Vinculin density was calculated by including all the cells in the nine images and refers to the average area per area of cells, measured in percentage.

Enzyme-linked immunosorbent assay (ELISA) of TGF-β1, IL-1β, IL-6 and IL-10
--------------------------------------------------------------------------

Cell culture medium (n = 3) was collected at day 1, 4, and 7 before medium change. Cytokines secretion of TGF-β1, IL-1β, IL-6 and IL-10 was quantified using an ELISA assay according to the manufacturer\'s instructions (DuoSet ELISA development kit, R&D Systems Europe Ltd.).

Sircol and Fastin assay for collagen and elastin expression
-----------------------------------------------------------

Collagen samples (n = 6) at day 4 and 7, underwent collagen extraction using cold acid pepsin (0.1 mg/ml 0.5 M acetic acid) and left overnight in 4°C. Collagen isolation and concentration was done before adding the Sircol Dye Reagent. The assay was performed according to the picosirius red-based colorimetric SirCol™ collagen dye binding assay kit (Biocolor Ltd.) and measured at 540 nm. Rods (n = 6) for elastin quantification were firstly heated at 100°C for 1 hour period with oxalic acid (0.25 M) to extract α-elastin. Further elastin quantification was done following the Fastin elastin assay kit (Biocolor Ltd), measured at 513 nm.

Statistics analysis
-------------------

All data are expressed as mean ± s.d. Biochemical assays were performed with triplicate biological sample, if not stated otherwise. Statistical analysis was done by Two-way Analysis of Variance (ANOVA) with Bonferroni\'s multiple comparison test (p \< 0.05), unless otherwise indicated in the figure legends. For all figures the following applies: \* = p \< 0.05, \*\* = p \< 0.01, \*\*\* = p\< 0.001.
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![Pre-selection of surface treatments.\
(a) SEM analysis of fabricated fiber (scale bar: 1 mm). (b) Scheme of mono-culture cell seeding on agarose mould. (c) 3D AFM images of PA300, PA1000 and PCL before and after different surface treatments and exposure time (scan size of 1 μm 2, with exception to CHCl~3~ at 25 μm 2). DNA assay analysis of rat dermal fibroblasts (d) and macrophages (e) on PA300 at attachment. Unmodified (X) rods were subjected to either argon plasma treatment for 30, 45, and 60 minutes (Ar30--45--60, bars from left to right), oxygen or trifluoromethane plasma treatment for 2.5, 5, 10 minutes (O 2 2.5--5--10, CHF 3 2.5--5--10, bars from left to right). Other rods were treated with wet etching using either sodium hydroxide at 1 M or 4 M concentration for 5 and 10 minutes (NaOH1M:5--10, NaOH4M:5--10, bars from left to right), chloroform or dichloromethane for 1, 5 and 10 seconds (CHCl~3~: 1--5--10 s, CH~2~Cl~2~--10 s, bars from left to right). The fold increase in cell number at day 3 can be seen above individual bars. RDF attachment was statistically increased in all treatments except for CHF 3 5--10 samples. Macrophage attachment increased significantly after Ar, O~2~ and CHCl~3~ treatments. Data are shown as mean ± s.d. (n = 3). Star (\*, P \< 0.05) indicates the best parameter for each treatment type.](srep06325-f1){#f1}

![Material characterization of pre-selected treatments.\
(a) AFM roughness quantification (Rq at scan size 1 μm). The number of folds each treated rod increase in roughness is shown above its bar. (b) Hydrophilic treatments (70--40°) consisted of Ar, O~2~ and NaOH, while hydrophobic treatments (85--110°) consisted of CHF 3 and CHCl~3~) (n = 4). (c) XPS measurement on unmodified versus pre-selected modified rods. Groups of 2-fold increase (Ar, O~2~, NaOH and CHCl~3~) and 5-fold decrease (CHF 3) in oxygen content can be seen. (d) Protein absorption assay on unmodified versus pre-selected modified rods. Protein absorption in modified rods was normalized by the protein absorption in unmodified rods, thus showing fold differences between the different treatments. All data are shown as mean ± s.d. (n = 3), if not stated otherwise. Blue stars (\*P \< 0.05, \*\* P \< 0.01, \*\*\* P \< 0.001) indicate statistically significant values in comparison to unmodified (X), black stars compares each treatments to one another.](srep06325-f2){#f2}

![Conditioned medium co-culture in vitro studies on unmodified versus modified rods.\
(a) Conditioned medium co-culture scheme. DNA assay on RDFs (b) and macrophage (c) seeded rods, at day 1, 4 and 7 and with (CM) or without (ref) conditioned medium (X-axis). Different surface treatment are represented by different bar patterns. RDFs attachment was statistically increased (P \< 0.05) in all treatments except for CHF35-10 samples. Data are shown as mean ± s.d. (n = 3). Blue stars (\*P \< 0.05, \*\* P \< 0.01, \*\*\* P \< 0.001) indicate statistical significances in comparison to unmodified, red stars indicate the best parameter from all the treatment types, while black stars evaluate statistical differences between the different culture conditions. Illustration of cell distribution at day 4 of RDFs (d) and macrophages (e) via methylene blue staining (scale bar: 1 mm). RDFs illustrated above showed different distribution of cells dependent on the treatment, while in all treatments distribution of macrophages were alike.](srep06325-f3){#f3}

![Cytokine analysis on conditioned medium co-culture in vitro studies.\
(a) TGF-β1 secretion in RDFs and macrophages at day 1. (b) Interleukin (IL-1β, IL-6 and IL-10) expression in macrophages in mono (ref) or conditioned medium co-cultures (CM) at day 1. Normalized per DNA represent amount secreted for 100,000 cells. Each horizontal tick is in reference to TGF-β1 RDFs and macrophages (a), and IL-1β, IL-6 and IL-10 macrophage (b) value of unmodified rods. Data are shown as mean ± s.d. (n = 3). Blue stars (\*P \< 0.05, \*\* P \< 0.01, \*\*\* P \< 0.001) indicate statistical significances in comparison to unmodified, and black stars evaluate statistical differences between the different treatments. (c) SEM images (scale bar: 5 and 10 μm) show different macrophage morphology on different surface treatments in mono-culture study. Filopodia of macrophages seeded on nano-scale modification of Ar, O~2~, and CHF3 were more extended compared to CHCl~3~ providing micro-scale modification on its surface, and NaOH providing no surface topography modification.](srep06325-f4){#f4}

![Focal adhesion immunostaining and total collagen and elastin synthesis.\
(a) Immunostaining images (scale bar: 100 μm) of RDFs show vinculin (green), phalloidin (red) and dapi (blue) on different surface modification type. The upper panel shows staining for phalloidin only to exhibit the first population of RDFs morphology on X, CHF 3 and NaOH, where cells were poorly spread. The lower panel shows that the second population of RDFs morphology on X, CHF 3 and NaOH, where cells were more spread, exhibited vinculin sites and organized actin cytoskeleton. Ar and O~2~ provided a homogenous spread of cells, enhanced actin stress fibers and vinculin expression throughout the polymer. (b) CHCl~3~ displayed a homogenous population of cells with enhanced actin filaments expression, but different vinculin density. Vinculin sites found in larger pores (5--20 μm) shown by the arrow heads expressed dense circular vinculin sites, while smaller pores (0.5--2.5 μm) displayed by the arrows expressed elongated vinculin staining. (c) Quantification of vinculin density per treatment. Statistics were done by One-way ANOVA with a post Tukey test (n = 8). (d) Quantification of collagen secreted per different rod showed statistically significant increase in production after surface modification for day 4 conditioned medium (CM), day 7 refresh medium (ref) and CM (^∧^ indicating exception to NaOH, \# to CHF 3). CM cultures triggered a significant increase in comparison to refresh medium, (& indicating exception to CHF 3 and O~2~). CHCl~3~ secreted the highest collagen amount in comparison to all treatments (red star, or Φ indicating exception to O~2~). (e) A statistically significant increase of elastin secretion was seen on treated rods for day 4 conditioned medium (CM), day 7 refresh medium (ref) and CM (\# indicating exception to CHF 3). CM cultures triggered a significant increase in comparison to refresh medium on day 4. At day 7 CM, CHCl~3~ provided the best secretion of elastin in comparison to all other surface modification. Data are shown as mean ± s.d. (n = 6). Blue symbols (\*P \< 0.05, \*\* P \< 0.01, \*\*\* P \< 0.001) indicate statistical significances in comparison to unmodified, red symbols indicate the best parameter from all the treatment types, and black symbols evaluate statistical differences between the different treatments.](srep06325-f5){#f5}

![Schematic correlation between surface properties and cell behavior from cytokine levels, extracellular matrix composition and focal adhesion properties.\
Colour background represent degree of roughness (red), wettability (blue) and oxygen content (green). Unmodified rods (X), were treated with five surface treatments (NaOH, CHF 3, Ar, O 2, and CHCl 3), to produce different surface topography, oxygen content, wettability and roughness. These properties are correlated with the different cell behaviour in regards to cytokine secretion, elastin and collagen production, and vinculin expression.](srep06325-f6){#f6}
